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論 文 内 容 要 旨          
 
In the Earth’s crust, rock fractures play important roles on fluid flow and heat/mass 
transfer with fluid, since fractures usually have much greater permeability than the matrix 
permeability. An accurate understanding of the flow and transport characteristics through rock 
fracture networks is of critical importance in many engineering and scientific applications, and 
will help us to propose a solution to current energy and environmental problems or natural 
disaster prevention. With respect to a single rock fracture, it is widely acceptable that the 
aperture distribution is heterogeneous and fluid flow within it is characterized by formation of 
preferential flow paths (i.e. channeling flow). Considering this fact, to capture the reality of the 
fluid flow within a fracture network, it is desirable to explicitly consider the formation of three 
dimensional (3-D) preferential flow paths within a fracture network (i.e., 3-D channeling flow). 
However, to date there is no practical modeling method that precisely represents the 3-D 
channeling flow. Additionally, a prediction of channeling flow through subsurface rock fractures 
beyond laboratory scale is also a remained issue. Objectives of this study are developing a novel 
method to analyze and predict channeling flow in actual fractured reservoirs and clarifying the 
characteristics and impacts of the 3-D channeling flow. In this study, both experimental and 
numerical approaches are taken to achieve the objective. 
In Chapter Ⅱ, a fluid flow experiment on a cylindrical granite sample containing two 
intersecting fractures are conducted. At constant confining pressure, water is supplied to the 
sample via a single inlet port, and the effluent is collected using four isolated outlet ports. The 
flow rate varies widely among these ports, which demonstrates that the 3-D channeling flow 
must be considered to interpret fluid flow even in the simplest fracture network. To simulate 
3-D channeling flow within rock fracture networks, a novel discrete fracture network (DFN) 
model simulator, GeoFlow, is developed, where rock fractures are modeled by pairs of rough 
fracture surfaces having heterogeneous aperture distributions. A fluid flow simulation is 
conducted with GeoFlow, where aperture distributions within the two fractures are determined 
by using fracture surface topography data. Despite the simplicity of the simulation, GeoFlow 
revealed a 3-D channeling flow within the sample and successfully reproduced the experimental 
result. Thus, the significant potential of GeoFlow to predict 3-D channeling flow in a fracture 
network is revealed 
In Chapter Ⅲ, for granite fractures of various scales (0.05 m × 0.075 m, 0.1 m × 0.15 m, 
0.2 m × 0.3 m), the fracture aperture distribution under confining stress (10, 20, and 30 MPa) 
and the fluid flow through the aperture distributions are determined using data of the fracture 
surface topography and measured fracture permeability. Subsequently, the scale dependencies of 
the aperture distribution and the resulting fluid flow characteristics for rock fractures are 
evaluated under the confining stress. As a significant result, it is revealed that the contact area in 
the fracture plane is independent of scale. The scale-independent contact areas of fractures with 
and without a shear displacement are approximately 40% and 60%, respectively. By combining 
this characteristic with the fractural nature of the fracture surface, a method for predicting 
fracture aperture distributions beyond laboratory scale is developed. In this method, the aperture 
distribution of a fracture of any size can be predicted by simply placing the two fractal fracture 
surfaces in contact so that the fracture has the scale-independent contact area. The validity of the 
proposed method was revealed through the reproduction of the results in a laboratory 
investigation and the maximum aperture-fracture length relations, which have been reported in 
the literature, for natural fractures (i.e., joints and faults).  
In Chapter Ⅳ, aperture distributions and fluid flows are numerically determined for rock 
fractures with various combination of fracture scale and shear displacement by using the 
prediction method of fracture aperture distributions beyond laboratory scale, which is developed 
in Chapter Ⅲ. Through evaluating the aperture distributions and fluid flows, fluid flow 
characteristics of subsurface rock fractures under confining stress (up to ~ 100 MPa) are 
revealed as followings; flow area within a fracture plane is limited to 5-25% regardless of 
fracture scale (m), l, or shear displacement (m), δ, since preferential flow paths are consistently 
formed within subsurface rock fractures (i.e. channeling flow). This fact also indicates that the 
noncontact area with stagnant fluid within rock fractures is approximately 33-53%. Furthermore, 
mean aperture (mm), em, and permeability (m
2
), k, of rock fractures are respectively formulated 
as 
60.066.0 )()1042.1( LLemean   and 
21.143.16 )()1066.2( LLk   , which can 
reproduce the mean apertures and permeabilities of real fractures. Owing to these universal 
modeling, we can now create realistic discrete fracture network models of a fractured reservoir 
for GeoFlow simulation. Additionally, these results are also expected to be fundamentals to 
reach a new insight for permeability evolutions of rock fractures (natural faults) caused by 
earthquakes.  
In Chapter Ⅴ, realistic DFN models, where heterogeneous aperture distributions are 
given for individual fractures depending on their scale and shear displacement under confining 
stress, are created for an actual fracture reservoir (i.e. the Yufutsu oil/gas field) and fluid flows 
in the reservoir are simulated. Through a series of the fluid flow simulations, it is revealed that 
the reality of fluid flow within a fractured reservoir is 3-D channeling flow, which should be 
considered for predicting the optimum well locations for a fractured reservoir. Specifically, three 
order of magnitude difference in the productivities between the neighboring two wells, which is 
indeed observed in the Yufutsu field, is reproduced successfully for the first time by considering 
the occurrence of the 3-D channeling flow. Specifically, the impact of 3-D channeling flow is 
expected to be significant in the domain where the degree of fracture connectivity is relatively 
limited. Moreover, there are some concerns that we will come to the wrong conclusions for 
development or utilization of a fractured reservoir, if the occurrence of 3-D channeling flow 
within the reservoirs is ignored. As long as highly-reliable discrete fracture networks are created 
for a fracture reservoir on the basis of 3-D seismic data, crustal stress data, and so on, we can 
now map the realistic flow path distribution (i.e. 3-D channeling flow) with GeoFlow.  
As described above, a novel method to analyze and predict 3-D channeling flow in actual 
fractured reservoirs is established for the first time. Owing to the novel method, our 
understandings of fluid flow characteristics (i.e. 3-D channeling flow characteristics) in 
fractured reservoirs are significantly promoted. Considering the practicality of our suggested 
method, it is desirable that the method will be applied to fractured reservoirs of various fields 
hereafter. If such results are accumulated, our understandings for the reality of fluid flow in 
subsurface rock fracture networks are further advanced. In the future, it is also desirable that the 
following relationships are clarified; (1) 3-D channeling flow and heat extraction, (2) 3-D 
channeling flow and multi-phase flow and transport process, and (3) 3-D channeling flow and 
mechanisms of induced seismicity in fractured reservoirs. 
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論文審査結果の要旨 
 
 石油，天然ガス，地熱資源の貯留層評価にあたっては，岩石き裂内の流体流動を適切に評価し，また実貯留層フ
ィールドスケールまで拡張した貯留層モデルが必要である。従来，き裂型貯留層内の流体流動は，岩石き裂を平行
平板モデルとして近似して，平行平板の大きさや開口幅分布などを変化させて，き裂型貯留層の評価を行ってきた
が，岩石き裂内の流体流動は優先流路が形成されるチャネリングフローであることが指摘され，貯留層評価方法も
大きな変革を要求されていた。本研究は，このき裂型貯留層の貯留層モデリングと流体流動シミュレーターの開発
に関するもので全編5章よりなる。 
 第1章は，緒論である。 
 第 2章は，交差する 2枚の岩石き裂を含む実験試料内に，封圧下で流体を流動させ，岩石き裂内の 3次元の流体
流動実験を行うとともに，き裂内のチャネリングフローを表せる数値シミュレター“GeoFlow”を開発している。封
圧環境下での岩石き裂内の 3 次元チャネリングフローの実験に初めて成功し，さらにこの実験結果を表現できるチ
ャネリングフローの3次元モデルを提案している。非常に有用な成果である。 
 第 3 章は，ラボスケールの岩石き裂と流体流動実験の解析データを基礎にして，実貯留層スケールの岩石き裂を
モデル化することを試みている。き裂表面形状のフラクタル特性，封圧下でのき裂上下面の接触面積および平均開
口幅の情報から，実貯留層規模のき裂面形状を推定するアルゴリズムを提案している。これは重要な成果である。 
 第 4 章は，北海道勇払油・ガス田をモデルフィールドに，き裂型貯留層での孔井により大きく生産挙動が異なる
原因を，3次元チャネリングフローシミュレーターを使って明らかにしている。この結果，き裂内流路の結合の仕方
によって，生産性が大きく異なることを定量的に明らかにすることに成功している。この成果により，き裂型貯留
層の生産性予測につながり，実用上きわめて大きな成果である。 
 第5章は結論で，本論文の成果をまとめている。 
 
以上要するに本論文は，岩石き裂内の流体流動を封圧環境下で行い，その結果を再現できる数値シミュレータを
開発し，3次元き裂ネットワーク内のチャネリングフローのモデル化と貯留層の生産性予測まで拡張させた研究を行
っている。本研究の成果は，貯留層工学にとどまらず，地震発生帯での流体流動予測，地下水汚染防御など多方面
への応用展開が期待でき，地球科学ならびに環境科学への寄与が少なくない。 
 
 よって，本論文は博士(学術)の学位論文として合格と認める。 
 
 
